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Introduction {#sec001}
============

Segmentation along the antero-posterior body axis is a morphological feature found in several metazoan lineages. In vertebrates, segmentation is conspicuous in the paraxial mesoderm, which forms transient bilateral symmetric blocks during the somitogenesis process \[[@pone.0136587.ref001]\]. The somites, which will give rise to the axial skeleton, the skeletal muscles of the trunk and part of the dermis, form in an antero-posterior succession through segmental epithelialisation of the mesenchymal presomitic mesoderm (PSM). During elongation of the vertebrate embryo, a pool of proliferating cells that are continuously added to the caudal zone is maintained in the most posterior part, the tailbud \[[@pone.0136587.ref002]\]. Although the precise structure of vertebrate tailbuds varies from one species to another, vertebrates share a similar anatomy and the global mechanisms controlling posterior elongation and somitogenesis seem to be conserved. An elegant paradigm was first proposed by Cooke and Zeeman in 1976 to explain the regular formation of segments during somitogenesis termed the \"clock and wavefront\" model \[[@pone.0136587.ref003]\]. Molecular evidence for this hypothesis came more than twenty years later and our understanding of how somitogenesis is controlled in vertebrates has been highly improved since then \[[@pone.0136587.ref004], [@pone.0136587.ref005]\]. Our current understanding of the \"clock and wavefront\" model relies on the specific interactions of several signalling pathways, including the retinoic acid (RA), the Fibroblast Growth Factor (FGF), the Wnt (Wingless/INT-1) and the Notch pathways. These interactions permit the synchronized activation of segmentation genes in the PSM in response to the \"segmentation clock\" \[[@pone.0136587.ref005]\]. This clock is defined by periodic waves of expression of genes of the FGF, Wnt, and Notch signalling pathways that are travelling along the PSM \[[@pone.0136587.ref006]\]. The position of the \"wavefront\" or \"determination front\" is defined by the posterior FGF/Wnt pathway which is antagonized by the RA pathway in the rostral region of the PSM \[[@pone.0136587.ref007]\]. As a consequence of the interaction between the clock and the wavefront, the cells of the PSM that pass the determination border during one oscillation of the clock define a pre-patterned somite \[[@pone.0136587.ref005]\].

Vertebrates, together with their sister group the tunicates and cephalochordates (i.e. amphioxus), form the chordate superphylum \[[@pone.0136587.ref008], [@pone.0136587.ref009]\]. They share morphological features considered synapomorphies of this clade. Particularly they show, at least transiently during embryonic development, a notochord localized ventral to a dorsal hollow nerve tube. Chordates are also characterized by segmented muscles present on both sides of the main body axis. In tunicates, these muscles are only found in the tail of the tadpole are not formed through the antero-posterior successive segmentation of an unsegmented paraxial mesoderm, but develop directly from muscle cells that are produced early during development and get subsequently rearranged on both sides of the tail midline \[[@pone.0136587.ref010]\]. In the cephalochordate amphioxus, segmented muscles are derived from somites that form in an anterior-to-posterior sequence, from the most rostral part of the embryo to the most caudal part. However, in contrast to vertebrates, the segmented muscles show a clear asymmetry with the left muscle fibres more anterior than the right ones. The most anterior early-arising somites appear as bilateral pairs by means of enterocoelic evagination of the paraxial dorsal wall of the archenteron, whereas the posterior somites form from the tailbud by schizocoely alternatively on the left and right sides of the embryo \[[@pone.0136587.ref011]\]. In spite of the morphological differences between amphioxus and vertebrate somitogenesis processes, developing amphioxus somites express homologs of many genes involved at each step of vertebrate paraxial mesoderm segmentation \[[@pone.0136587.ref012]\]. The only functional evidence of how somitogenesis is controlled in amphioxus came from the analysis of the role of the FGF signalling pathway during embryogenesis \[[@pone.0136587.ref013]\]. We showed that the formation of the most anterior somites is under the control of FGF whereas posterior somites continue to form in spite of FGFR inhibition \[[@pone.0136587.ref013]\]. This result suggests that important differences exist in the control of somitogenesis between vertebrates and cephalochordates. However, we still do not know how the formation of somites is governed during posterior elongation in amphioxus and what mechanisms underly the difference in the control of the formation of the most anterior and posterior somites.

In this work, we address these two questions. We show that although *Hox* genes control antero-posterior patterning in amphioxus, and their most anterior limit of expression coincides with the posterior limit of the FGF-sensitive somites \[[@pone.0136587.ref014], [@pone.0136587.ref015]\], they do not define a functional boundary between FGF-sensitive and FGF-insensitive somites. We also reveal that RA is not implicated in amphioxus somitogenesis, either directly or through interaction with the FGF signalling pathway. Moreover, we show that RA is not able to buffer the left/right asymmetry machinery. These data allow us to propose a model for the evolution of the somitogenesis process in which specific vertebrate acquisitions such as the opposition between the FGF and RA pathways or the implication of RA in the control of symmetry played a major role in the evolution of their present morphology.

Materials and Methods {#sec002}
=====================

Animals, embryo collection and drug treatments {#sec003}
----------------------------------------------

Ripe adults from the Mediterranean amphioxus species (*Branchiostoma lanceolatum*) were collected at the Racou beach near Argelès-sur-Mer, France, (latitude 42° 32' 53" N and longitude 3° 03' 27" E) with a specific permission delivered by the Prefect of Region Provence Alpes Côte d'Azur. *Branchiostoma lanceolatum* is not a protected species. Gametes were collected by heat stimulation as previously described \[[@pone.0136587.ref016], [@pone.0136587.ref017]\]. Prior to pharmacological treatments, and before hatching, embryos were transferred to new Petri dishes with a known final volume of sea water. SU5402 (Calbiochem 572630), BMS009 and RA (Sigma R2625) were dissolved in dimethylsulfoxide (DMSO) at 10^−2^ M and added to cultures of embryos at a final concentration of 50x10^-6^ M, 5x10^-6^ M and 10^−6^ M, respectively. The inhibitors of the type I activin receptor-like kinase (ALK) receptors SB505124 (Sigma S4696) and SB431552 (Sigma S4317) were dissolved in DMSO at a final concentration of 10^−2^ M and added to the cultures of embryos at final concentrations of 5x10^-6^ M and 10x10^-6^ M, respectively. Control embryos for all these experiments were raised with 0,5% DMSO in filtered sea water. Omeprazole (Sigma O104) was dissolved in DMSO at 10^−2^ M and embryos were treated at final concentrations varying from 50 x10^-6^ M to 200 x10^-6^ M. Control embryos were raised simultaneously with equivalent concentrations of DMSO. Embryos were staged according to Hirakow and Kajita \[[@pone.0136587.ref018], [@pone.0136587.ref019]\] although at L3 there is only one open pharyngeal slit in *B*. *lanceolatum*.

*In situ* hybridization and immunostaining {#sec004}
------------------------------------------

Fixation and whole-mount *in situ* hybridizations were performed as described in \[[@pone.0136587.ref020]\], but the proteinase K digestion was omitted and we used BM Purple (Roche) for the chromogenic reaction step. The accession numbers of the sequences used for probe synthesis are as in \[[@pone.0136587.ref013], [@pone.0136587.ref021], [@pone.0136587.ref022]\] and as follows: *Hu/Elav* (ADU32858), *Sprouty* (ADU32856). Statistical analyses (t-test and one-way ANOVA were undertaken using Excel.

F-Actin staining was performed as described in \[[@pone.0136587.ref013]\]. Immunostaining was undertaken as described in \[[@pone.0136587.ref023]\] using primary antibodies against acetylated tubulin (Sigma T6793, 1:500). After three ten-minute washes in NaPBS, embryos were transferred to glycerol with 2,5% DABCO for photographs.

Statistical analysis {#sec005}
--------------------

Morphometric data statistical analysis was performed using R. First, a Shapiro-Wilk test was performed to test the normal distribution of the data for each considered group. We then undertook a one-way ANOVA analysis to test if the means of the measurement variables in the groups are significantly different. The resulting p-values are indicated on each figure.

When we obtained p-values \< 0.05, we undertook two samples Student t-tests. We adjusted the p-value by using the Bonferonni correction for multiple comparisons.

Results {#sec006}
=======

RA/Hox1 and FGF pathways act independently during the formation of the anterior somites {#sec007}
---------------------------------------------------------------------------------------

We previously showed that inhibiting the FGF signalling pathway at the blastula stage induces a specific loss of the most anterior somites in amphioxus embryos \[[@pone.0136587.ref013]\]. Strikingly, the anterior paraxial mesoderm region in which somites do not form corresponds to the region where *Hox* genes are not expressed. Thus, we wondered if the necessity for FGF signalling is linked to the anterior limit of *Hox1* expression \[[@pone.0136587.ref022], [@pone.0136587.ref024]\]. To answer this question we treated embryos with RA or BMS009 (an antagonist of the retinoic acid receptor from amphioxus \[[@pone.0136587.ref025]\]) at the blastula stage and fixed them when the pharynx starts to enlarge (stage L1, 40 h.p.f. at 19°C). As expected, these treatments allowed us to move the anterior border of *Hox1* expression forward or backward, respectively ([Fig 1A--1C](#pone.0136587.g001){ref-type="fig"}), whereas the formation of anterior somites is not affected ([Fig 1G--1I](#pone.0136587.g001){ref-type="fig"}). We also inhibited the FGF signalling pathway with SU5402 (an inhibitor of FGF receptor \[[@pone.0136587.ref026]\]) and undertook double treatments with RA and SU5402 or with BMS009 and SU5402. When embryos are treated with both RA and SU5402, the anterior limit of *Hox1* expression is shifted anteriorly compared to embryos only treated with SU5402 ([Fig 1D, 1E and 1M](#pone.0136587.g001){ref-type="fig"}). However, the region without somites is comparable to what is observed in embryos in which only FGF signalling is inhibited as highlighted by *Myosin Light Chain-alkali* (*MLC*) expression ([Fig 1J, 1K and 1M](#pone.0136587.g001){ref-type="fig"}). Indeed, in the anterior region, we still observe *MLC* expression but it is restricted to the notochord which in SU5402-treated embryos is not straight as in wild-type animals. Moreover, in embryos treated with BMS009 and SU5402, we observe that the anterior limit of *Hox1* expression is shifted posteriorly ([Fig 1C, 1F and 1M](#pone.0136587.g001){ref-type="fig"}) but the region without somites is still comparable to what we observe in SU5402 treated embryos ([Fig 1J, 1L and 1M](#pone.0136587.g001){ref-type="fig"}). Altogether our data suggest that the anterior border of *Hox1* expression does not define the limit between somites that depend upon FGF signalling for their formation and somites whose formation is not controlled by FGF. Moreover, these data show that there is no cross-talk between RA and FGF signalling for the formation of the most anterior somites in amphioxus.

![The anterior limit of *Hox1* expression does not define a functional boundary between anterior FGF-sensitive and posterior FGF-insensitive somites.\
Expression of *Hox1* (lateral views, anterior to the left) and *MLC* (dorsal views, anterior to the left) at the L0 stage in control embryos (A, G), in RA treated embryos (B, H), in BMS009 treated embryos (C, I), in SU5402 treated embryos (D, J), in SU5402 and RA treated embryos (E, K) and in SU5402 and BMS009 treated embryos (F, L). All the treatments were performed at the blastula stage. The arrowheads indicate the anterior limit of Hox1 expression (A-F) or the anterior limit of the embryonic region with formed somites (G-L). (M) Graph presenting the percentage of the length of the embryo without *Hox1* expression (dark grey) or without somites in the anterior region (light grey). The schematic embryos show how this percentage was calculated. (1) corresponds to the length of the anterior region without Hox1 expression, (2) corresponds to the total length of the embryo. (3) corresponds to the length of the anterior region without somite MLC expression. (4) corresponds to the total length of the embryo. Dark blue regions in the schematic embryos correspond to the territories expressing *Hox1* (lateral view, anterior to the left) or *MLC* (dorsal view, anterior to the left) in SU5402 treated embryos. A one-way ANOVA analysis was undertaken and the result indicates that the means of the region without somites is not significantly different between the three treatments (SU5402, SU5402+RA and SU5402+BMS009) whereas the means of the region without *Hox1* expression is significantly different between the three treatment conditions (SU5402, SU5402+RA and SU5402+BMS009). \*\*P\<0.003 (corrected p-value); Two samples Student t-test, n = 10 embryos. Error bars indicate s.e.m. Scale bars = 50μm.](pone.0136587.g001){#pone.0136587.g001}

FGF and RA signalling pathways act independently during posterior elongation {#sec008}
----------------------------------------------------------------------------

To test whether the RA signalling pathway is involved in the posterior elongation process, we interfered with this signal at the late neurula stage N3 (27 h.p.f. at 19°C), when 8 to 9 somite pairs are formed. We treated embryos with RA or BMS009. Embryos were fixed at stage L0 and at the larval stage L3 (60 h.p.f. at 19°C) and we analyzed the expression of several marker genes to assess the phenotype of the embryos. The activation of RA signalling induces a reduction of the pharynx size, whereas BMS009 treatment leads to an enlargement of the pharyngeal region as observed when embryos are treated at earlier stages. The formation of new somites is normal with embryos at stage L0 having 11 to 12 somites expressing *MyoD related factor 1 (MRF1*) similarly to control animals ([Fig 2A--2C](#pone.0136587.g002){ref-type="fig"}). However, *Xlox* ([Fig 2D--2F](#pone.0136587.g002){ref-type="fig"}) and *Tbx6/VegT* ([Fig 2G--2I](#pone.0136587.g002){ref-type="fig"}) gene expression show that the antero-posterior patterning is affected in an opposite way by the two treatments in both the endoderm and the neural tube. Indeed, we observe that the expression fields of *Xlox* and *Tbx6/16* are pushed posteriorly in RA treated embryos whereas the posterior domain of expression is pushed anteriorly in BMS009 treated embryos, showing that even at late developmental stages RA signalling is still controlling AP patterning.

![Interfering with RA signalling during posterior elongation does not affect somitogenesis.\
Expression of *MRF1* in L0 stage control embryos (A), and in embryos treated at the N3 stage with RA (B) or BMS009 (C) (dorsal views, anterior to the left). The expression shows that the number of formed somites is identical in treated and control embryos. Expression of *Xlox* and *Tbx6/16* in L3 stage control embryos (D, G), and in embryos treated at the N3 stage with RA (E, H) or BMS009 (F, I) (side views, anterior to the left). The arrows indicate the position of the pigment spot. The double arrow lines indicate the size of the domain expressing *Xlox* or *Tbx6/16*. Enlargement of the photograph at the level of the pigment spot is presented for *Tbx6/16 in situ* hybridization on the top left of the panels. Scale bars = 50μm. Morphometric analysis of the expression domains of *Xlox* (J) and *Tbx6/16* (K). Schematic larva with the domain of expression highlighted in blue-violet are presented (side view, anetrior to the left). (1) corresponds to the length of the embryo, posterior to the pigment spot, without *Xlox* expression. (2) corresponds to the length of the embryo with *Xlox* expression. (3) corresponds to the length of the posterior field of the embryo without *Xlox* expression. The percentage of the length of the field with *Xlox* expression was calculated as 2/(1+2+3)\*100, the percentage of length of the anterior field without expression as 1/(1+2+3)\*100 and the percentage of length of the posterior field without expression as 3/(1+2+3)\*100 (J). One-way ANOVA analysis indicates that the the means of the percentage of length of the field with *Xlox* expression between the three conditions (control embryos, RA-treated embryos and BMS009-treated embryos) are significantly different as well as the means of the percentage of length of the posterior field without expression of *Xlox* (J). (4) corresponds to the length of the field posterior to the pigment spot showing *Tbx6/16* expression. (5) correspond to the length of the posterior field of the embryo without Tbx6/16 expression. The percentage of length with *Tbx6/16* expression was calculated as 4/(4+5)\*100 (K). One-way ANOVA analysis indicates that the the means of the percentage of the length with *Tbx6/16* expression are significantly different between the three conditions (control embryos, RA-treated embryos and BMS009-treated embryos). \*\*P\<0.005 (corrected p-value); \*P\<0,025 (corrected p-value); t-test, n = 3 embryos. Error bars indicate s.e.m.](pone.0136587.g002){#pone.0136587.g002}

In vertebrates, the position of the \"wavefront\" in the \"clock and wavefront\" model for somite formation is controlled by an opposition between RA signalling coming from the most posterior somites, and FGF signalling coming from the tailbud. To test whether we could observe any cross-talk between these pathways in amphioxus during posterior elongation, we looked at the expression of FGF and RA target genes when we interfere with these pathways at the N3 stage. We looked at the expression of *ER81/Erm/Pea3*, *Sprouty*, and *FGFR* as targets of the FGF pathway. After SU5402 treatment, we observe a complete loss of *ER81/Erm/Pea3* expression ([Fig 3A and 3B](#pone.0136587.g003){ref-type="fig"}) and a partial loss of *Sprouty* expression ([Fig 3E and 3F](#pone.0136587.g003){ref-type="fig"}). Indeed, *Sprouty* is still expressed in the notochord whereas the endodermal expression is lost after treatment ([Fig 3E and 3F](#pone.0136587.g003){ref-type="fig"}). On the other hand, following FGFR inhibition, *FGFR* expression is similar to what is observed in control animals ([Fig 3I and 3J](#pone.0136587.g003){ref-type="fig"}). When embryos are treated with RA or BMS009, the expression of all these genes is similar to what is observed in wild-type embryos, except in the pharyngeal region which is enlarged in BMS009 treated embryos and reduced in RA treated neurulae ([Fig 3C, 3D, 3G, 3H, 3K and 3L](#pone.0136587.g003){ref-type="fig"}). We then looked at the expression of two targets of the RA signalling pathway, the *ParaHox* genes *Cdx* and *Xlox* \[[@pone.0136587.ref027]\]. We show that in SU5402 treated embryos the expression of both genes is comparable to what is observed in control embryos ([Fig 3M, 3N, 3Q and 3R](#pone.0136587.g003){ref-type="fig"}). On the other hand, *Cdx* expression is reduced in RA treated animals ([Fig 3M and 3O](#pone.0136587.g003){ref-type="fig"}), and the expression of *Xlox* in the posterior somites is lost ([Fig 3Q and 3S](#pone.0136587.g003){ref-type="fig"}). Altogether our data suggest that modifying the RA signalling pathway does not induce modifications in the FGF signal and *vice versa*.

![FGF and RA signals do not cross-talk during posterior elongation.\
Expression of the FGF signalling pathway genes *ER81/Erm/Pea3*, *Sprouty*, *FGFR*, and of the ParaHox genes *Cdx* and *Xlox* in L1 control embryos (A, E, I, M, Q), and in embryos treated at the N3 stage with SU5402 (B, F, J, N, R), RA (C, G, K, O, S) or BMS (D, H, L, P, T) (lateral views, anterior to the left). For *FGFR* and *Xlox*, dorsal views of the tailbud region are also presented. Scale bars = 50μm.](pone.0136587.g003){#pone.0136587.g003}

Correlation between the asymmetric expression of *Nodal* and the asymmetry of somites {#sec009}
-------------------------------------------------------------------------------------

Somites in amphioxus are asymmetric, with the left somites positioned anteriorly with respect to the right ones. Although the first three somite pairs seem to form simultaneously and appear to be symmetric, the subsequent somites form sequentially with the left somites forming before the right ones. The asymmetric formation of somites starts to be observed when the *Nodal* gene becomes asymmetrically expressed in the mesendoderm \[[@pone.0136587.ref021], [@pone.0136587.ref028]\]. Inhibiting the Nodal signalling pathway induces the formation of symmetric somites in *Branchiostoma floridae* \[[@pone.0136587.ref029]\]. To test whether or not modifying the asymmetric expression of *Nodal* would have the same effect in *Branchiostoma lanceolatum*, we used Omeprazole, a specific inhibitor of the H+/K+-ATPase \[[@pone.0136587.ref030]\]. Indeed, it has been shown in vertebrates \[[@pone.0136587.ref031]\] as in the tunicate *Ciona intestinalis* \[[@pone.0136587.ref032]\] that inhibiting this ion pump can randomize the asymmetric expression of *Nodal* signalling pathway genes. We tested several time windows and concentrations and checked for the asymmetric expression of *Nodal* and its putative effector *Pitx*. We chose to use a treatment between fertilization until N1 (19 h.p.f. at 19°C), when the blastopore is closed, with 200μM of Omeprazole. Indeed, at lower concentrations we cannot see any effect and continuous treatment at this concentration is lethal. We analyzed the expression of *Nodal* and *Pitx* at different time points from the end of the treatment to the larval stage. At all stages, we observe embryos with posterior expression of these genes on the left side ([Fig 4A, 4C, 4E, 4H, 4L and 4P](#pone.0136587.g004){ref-type="fig"}), similar to wild-type embryos, expression on both sides ([Fig 4B, 4F, 4G, 4N and 4P](#pone.0136587.g004){ref-type="fig"}) or, in a few cases, no expression ([Fig 4D, 4I, 4K, 4M, 4O and 4P](#pone.0136587.g004){ref-type="fig"}). We never observed embryos with expression of *Nodal* or *Pitx* on the right side only. Moreover, the expression of both genes is not always similar for the posterior and the pharyngeal domains: we find some embryos that express *Nodal* on both sides in the tailbud, but only on the left side in the pharynx ([Fig 4F](#pone.0136587.g004){ref-type="fig"}), or embryos expressing *Pitx* in the left side of the pharynx but showing no expression in the tailbud ([Fig 4M](#pone.0136587.g004){ref-type="fig"}). Overall, almost 20% of the treated embryos show a symmetric expression of *Nodal* in the tailbud ([Fig 4P](#pone.0136587.g004){ref-type="fig"}). We also analysed the morphology of the treated embryos at the larval stage and observed that, as for the inhibition of *Nodal* signalling, some larvae (n = 6/28, 21,4%) have symmetric somites ([Fig 4Q and 4R](#pone.0136587.g004){ref-type="fig"}). Although we saw a few larvae with two mouths (data not shown), we never observed any larva with the mouth on the right side, nor did we observe larvae with the right somites positioned anteriorly compared to the left ones. Altogether, these data show that inhibition of H+/K+-ATPase activity between fertilization and the end of gastrulation affects the asymmetric expression of both *Nodal* and *Pitx*, which correlates with a modification of the asymmetry of the somites.

![The asymmetry of somites depends on asymmetric *Nodal* expression and is not altered by RA signal pertubations.\
Expression of *Nodal* in Omeprazole treated embryos at the N2 (A, B) and L0 (C-G) stages (dorsal views, anterior to the left). In wild type embryos expression of *Nodal* is similar to (A) and (C), and expression of *Pitx* is similar to (H) and (L). Expression of *Pitx* in Omeprazole treated embryos at the N2 (H-K) and L0 (L-O) stages (dorsal views, anterior to the left). The number of embryos showing these patterns of expression is indicated on each panel. (P) Graph presenting the number of embryos at the N2 and L0 stage presenting expression in the posterior mesoderm of *Nodal* or *Pitx* only on the left side, on both sides, or on neither side (l/r = left/right, n.e. = not expressed) (P). (Q-R) Texas Red X-Phalloidin (red) and anti-acetylated tubulin (green) labelled control L3 larvae (Q) and Omeprazole treated larvae showing symmetric somites (R). The number of larvae showing symmetric somites after Omeprazole treatment is indicated. Texas Red X-Phalloidin labelling in control (S), SB431552-treated (T), SB505124-treated (U), RA-treated (V) and BMS-treated (W) L3 stage larvae. The pictures represent dorsal views, with anterior to the left, focused on the central region of the larva. The dotted lines join the boundaries between somites on the right and left sides. Scale bars = 50μm.](pone.0136587.g004){#pone.0136587.g004}

The RA signalling pathway cannot buffer the left/right asymmetry machinery {#sec010}
--------------------------------------------------------------------------

In vertebrates, RA is able to counteract the influence of the left/right asymmetry machinery \[[@pone.0136587.ref033], [@pone.0136587.ref034]\]. To test whether perturbing the RA pathway would have any influence on somite asymmetry, we compared the morphology of larvae after Nodal pathway inhibition, and after RA and BMS009 treatments. As previously described, when we treated amphioxus embryos at the end of gastrulation with two inhibitors of the type I ALK receptors, SB505124 and SB431552, we obtained larvae with symmetric somites ([Fig 4T and 4U](#pone.0136587.g004){ref-type="fig"}) and pharynges \[[@pone.0136587.ref029]\]. On the other hand, we show that following RA or BMS009 treatments, even when starting treatments as early as the blastula stage, somites are still asymmetric in the larvae, similarly to the control animals ([Fig 4V and 4W](#pone.0136587.g004){ref-type="fig"}). Interestingly, the pharynx of RA treated embryos is absent as previously described, showing that the asymmetry of the somites is not the result of mechanical constraints imposed by pharynx morphology.

Discussion {#sec011}
==========

A/P patterning and FGF dependency of somite formation {#sec012}
-----------------------------------------------------

*Hox* genes are known to regulate patterning of embryonic structures along the antero-posterior axis in bilaterians \[[@pone.0136587.ref035]\]. Moreover, the most anterior limit of *Hox* gene expression in amphioxus, which is the anterior limit of *Hox1* expression \[[@pone.0136587.ref022], [@pone.0136587.ref024]\], corresponds to the limit between somites whose formation is dependent upon FGF signalling and those whose formation does not depend upon this signal \[[@pone.0136587.ref013]\]. To test whether *Hox1* plays a role in defining a functional boundary between the most anterior and the posterior somites, we shifted its expression anteriorly or posteriorly by interfering with the RA signalling pathway. We show that moving the anterior limit of *Hox1* expression has no effect on the size of the territory in which somites are absent when the FGF signal is inhibited. This means that even if the Hox code might be controlling the antero-posterior identity of the somites in amphioxus, it is not defining their dependency upon an FGF signal. Moreover our data suggest that Hox/RA and FGF signals have independent functions during early embryogenesis in amphioxus.

The role of RA, FGF, and their negative cross regulation in the control of somitogenesis {#sec013}
----------------------------------------------------------------------------------------

In the present view of the \"clock and wavefront\" model for somitogenesis \[[@pone.0136587.ref003]\], the boundary between the newly formed somites and the presomitic mesoderm (PSM) is defined by the posterior FGF signal which is antogonized by the RA signal coming from the formed somites and anterior PSM \[[@pone.0136587.ref007], [@pone.0136587.ref036]\]. The FGF signal in the tailbud is thought to be necessary to maintain a pool of undifferentiated cells, whereas RA is promoting the differentiation of PSM cells. FGF and RA signals show opposite gradients and are mutually inhibiting each other. Indeed, FGF8 activates the expression of *Cyp26*, which codes for the enzyme degrading RA, and inhibits the expression of *Raldh2*, the gene coding for the enzyme responsible for the synthesis of RA \[[@pone.0136587.ref007]\]. On the other hand, RA can restrict the expression of *fgf8* in chicken \[[@pone.0136587.ref007]\] and mouse \[[@pone.0136587.ref037], [@pone.0136587.ref038]\], or activates the expression of *MKP3*, which codes for a phosphatase that blocks the MAPK cascade activation in *Xenopus* \[[@pone.0136587.ref039]\]. This negative crosstalk between FGF and RA is not only important during somitogenesis, but has been recruited in many developmental processes such as the antero-posterior patterning of the heart field \[[@pone.0136587.ref040]\], the timing of emigration of trunk neural crest cells \[[@pone.0136587.ref041]\], or limb induction \[[@pone.0136587.ref042]\]. We show that, in amphioxus, the RA signalling pathway is not implicated in somitogenesis, neither through interaction with the FGF signal for anterior somite formation, nor during posterior elongation. Indeed, activating or inhibiting the RA pathway at early stages or during posterior elongation leads to normal number and shape of formed somites. This is a major difference with what is observed in all vertebrates studied thus far. Indeed, RA depletion induces the formation of smaller somites in quail \[[@pone.0136587.ref043]\], chicken \[[@pone.0136587.ref007]\], mouse \[[@pone.0136587.ref044]\], and *Xenopus* \[[@pone.0136587.ref039]\], whereas RA signalling activation induces caudal truncation in mouse \[[@pone.0136587.ref045]\] and zebrafish \[[@pone.0136587.ref046]\], as well as abnormal somite size and disorganized somite boundaries in *Xenopus* \[[@pone.0136587.ref039]\].

In this work we also show that the cross regulation between the FGF and RA signalling pathways is absent in amphioxus. This raises questions about how and when the involvement of both pathways in somitogenesis evolved in the chordate clade, as well as of crosstalk between them. In tunicates, the sister group of vertebrates, the role of RA during development seems to be different in the different lineages. Ascidians like *Ciona intestinalis* possess a unique retinoic acid receptor (RAR); upon activation of the RA signalling pathway, *Hox1* expression shifts anteriorly in the epidermis and nervous system \[[@pone.0136587.ref047], [@pone.0136587.ref048]\] suggesting a conserved role for RA in controlling the expression of Hox genes in chordates. However, the larvacean *Oikopleura dioica* possesses no RAR \[[@pone.0136587.ref049]\] and no homeotic transformation is observed when embryos are treated with RA, suggesting that the formation of the chordate body plan can be achieved without the contribution of a classical RA signalling pathway \[[@pone.0136587.ref049]\]. In any case, although tunicate tadpoles have segmented muscles, these are not formed through a process comparable to somitogenesis \[[@pone.0136587.ref010]\]. Moreover, there is no evidence for a putative role of RA in the formation of these cells, although *Raldh2*, the gene coding for the enzyme responsible for the synthesis of RA, is expressed in the most anterior muscle cells in *Ciona* \[[@pone.0136587.ref047]\]. As for the FGF signal, it has been shown that it is necessary for heart specification at early stages \[[@pone.0136587.ref050]\]. It has also been shown that FGF9/16/20 blocks the expression of *Ci-MRF*, and thus the myogenesis process, in the mesenchyme cells \[[@pone.0136587.ref051]\], suggesting that FGF rather functions as a pro-cardiac and anti-muscle signal in urochordates. Concerning the interaction between RA and FGF signalling pathways, it has been shown that in *Ciona* they negatively interact to pattern the posterior epidermis \[[@pone.0136587.ref052]\], suggesting that RA/FGF negative crosstalk might have appeared in the ancestor of tunicates and vertebrates. From our data and what we know in tunicates, we propose that even if it is most likely that the RA/FGF cross regulation appeared in the ancestor of olfactores (tunicates plus vertebrates), their respective role and their interaction in the control of somitogenesis are vertebrate novelties.

Somitogenesis and left/right asymmetry {#sec014}
--------------------------------------

Vertebrates are externally symmetrical but the position of visceral and abdominal organs derived from the endoderm is completely asymmetric. Morphological asymmetry is common in bilaterians, and Nodal signalling is a key actor in controlling laterality \[[@pone.0136587.ref053]\]. It has recently been shown that a *Nodal-related* gene is also defining laterality in a cnidarian \[[@pone.0136587.ref054]\] suggesting that the control of axial asymmetry along the main body axes (antero-posterior or oral-aboral) by the Nodal pathway might be ancestral in eumetazoans. The apparent symmetry of vertebrates is mainly the result of the symmetrical formation of somites, which ensures the symmetric morphogenesis of axial skeleton and skeletal muscles. In 2005, three research groups showed that bilaterally symmetric somites is not the default state in vertebrates, and that RA is responsible for the buffering of the lateralizing machinery in the PSM \[[@pone.0136587.ref033], [@pone.0136587.ref034], [@pone.0136587.ref037]\]. The main role of RA seems to be, in the case of vertebrates, to synchronize the oscillation of clock gene expression between the left and right sides of the embryo, although through different strategies \[[@pone.0136587.ref033], [@pone.0136587.ref034], [@pone.0136587.ref037]\]. In amphioxus, somites are asymmetric, with the left somites more anterior than the right ones. It has recently been shown that inhibiting the Nodal signalling pathway after gastrulation, when *Nodal*, *Pitx* or *Cerberus* expression start to be asymmetric \[[@pone.0136587.ref021], [@pone.0136587.ref028], [@pone.0136587.ref055]--[@pone.0136587.ref057]\], leads to the symmetric formation of somites, suggesting that somitogenesis is affected by a conserved Nodal pathway laterality signal \[[@pone.0136587.ref029]\]. In this study we also show that the modification of *Nodal* and *Pitx* asymmetric expression through the inhibition of the H+/K+-ATPase correlates with the alteration of asymmetric somite formation. In cephalochordates, the RA signal is not active in the posterior part of the body where somites form during posterior elongation \[[@pone.0136587.ref025]\]. One hypothesis to explain the differences observed with vertebrates is that in amphioxus the distance between the region where the RA signal is active and the territory in which somitogenesis occurs is too large to render RA able to buffer the left/right asymmetry cue. However, treating amphioxus embryos with RA moves the expression of the unique RAR posteriorly, making the tailbud sensitive to RA applied to the embryos \[[@pone.0136587.ref025]\]. We observe that even if we interfere with the RA pathway, somites still form in an asymmetric manner in amphioxus, demonstrating that the RA signal cannot buffer the lateralizing influence of the left/right machinery.

Hypothesis for the evolution of somitogenesis in chordates {#sec015}
----------------------------------------------------------

If we compare the somitogenesis process between cephalochordates and vertebrates, several morphological differences should be pointed out. First, as previously mentioned, the mesoderm of the vertebrate head is not segmented, whereas amphioxus somites extend the whole length of the embryo. Second, in amphioxus the somites do not form through a mesenchyme-epithelium transition, but directly from epithelial structures (the archenteron roof for enterocoelic somites, and the tailbud for the schizocoelic somites). Moreover, during formation of the posterior somites, there is no intermediate tissue between the tailbud and the last formed somites in cephalochordates (i.e. there is no PSM). Finally, somites are asymmetric in amphioxus whereas they form symmetrically in vertebrates.

Interestingly, the PSM defines a territory where RA and FGF gradients are negatively regulating each other, and we show in this study that such opposition is absent in amphioxus. With respect to the role of RA, we show that, in contrast to vertebrates, this signal is not implicated at all during the somitogenesis process in amphioxus: it does not interact with FGF, and it is not able to buffer the lateralizing signal of the left/right machinery. Considering the fact that a negative cross-regulation between RA and FGF was described in the tunicate *Ciona intestinalis* \[[@pone.0136587.ref052]\], and hypothesising that the control of somitogenesis in the ancestor of chordates was likely similar to that in amphioxus, we can propose a scenario for the evolution of somitogenesis in chordates ([Fig 5](#pone.0136587.g005){ref-type="fig"}). The ancestor of olfactores acquired a functional cross-talk between RA and FGF that gained greater significance during embryonic development in the vertebrate lineage, probably due to the acquisition of three RARs *versus* one, and of four FGFRs and twenty-two ligands *versus* a unique FGFR and seven to eight ligands in non-vertebrate chordates \[[@pone.0136587.ref058]\]. In vertebrates, the RA signal was recruited in the control of somitogenesis together with FGF in parallel to the formation of an intermediate structure between both signals, the PSM. Moreover, the implication of RA in somitogenesis also permitted the acquisition of the symmetrical character of this process through the buffering of the left/right signal. The main signal controlling posterior elongation in the chordate ancestor is however still unknown. The expression of several genes coding for actors of the Wnt signalling pathway in the tailbud during amphioxus posterior elongation \[[@pone.0136587.ref011], [@pone.0136587.ref012], [@pone.0136587.ref059]--[@pone.0136587.ref062]\], together with data in vertebrates, make this signal a good candidate.

![Evolutionary scenario for somitogenesis in chordates.\
Evolutionary relationships among the three chordate clades are presented, as well as a schematic view of the morphology of embryos of the putative ancestor of chordates, cephalochordates, tunicates and vertebrates (all dorsal views except tunicates for which a lateral view is schematized) during posterior elongation. We propose that the ancestral chordate embryo was morphologically close to amphioxus and that the asymmetry of somite formation was under the control of Nodal. After the divergence of cephalochordates, an opposition between the RA and FGF pathways was acquired. In tunicates, the somitogenesis process was lost, probably as an adaptation to a reduced number of embryonic cells. In the vertebrate lineage, the opposition between RA and FGF gained importance in parallel to the acquisition of the PSM as an intermediate zone between both signals. The recruitment of RA in the control of somitogenesis permitted the acquisition of symmetry through the buffering of the left/right machinery controlled by Nodal. The Wnt pathway, indicated with a question mark, is a good candidate as a signal ancestrally controlling posterior elongation in chordates although up to now there are no functional data supporting this hypothesis.](pone.0136587.g005){#pone.0136587.g005}

Several lines of evidence support the hypothesis that the ancestor of chordates had amphioxus-like somitogenesis. From paleontological data it has been suggested that the ancestor of chordates was segmented from the most anterior to the most posterior part of the body like amphioxus \[[@pone.0136587.ref063]\]. Although there is up to now no data suggesting that these segments were asymmetric, the fact that in amphioxus the asymmetry of somitogenesis is controlled by the Nodal signalling pathway and that this signal is also controlling left/right asymmetries in other bilaterians \[[@pone.0136587.ref053]\], combined with evidence that the default state in vertebrates is asymmetry \[[@pone.0136587.ref033], [@pone.0136587.ref034], [@pone.0136587.ref037]\] support this proposition. Our scenario also implies that at least part of the \"clock and wavefront\" system for the control of somite formation was acquired in the vertebrate lineage. Recent experiments in quail have shown that non-somitic mesoderm is able to form synchronously several somites without any external cues except deprivation of BMP signal \[[@pone.0136587.ref064]\]. The authors suggest that the \"clock and wavefront\" system only serves to control the timing of somite formation and their rostro-caudal patterning. In amphioxus, we show here that there is no wavefront comparable to the one of vertebrates. Indeed, modification of FGF signalling does not alter posterior somitogenesis. Moreover, the RA pathway is not acting as an opposing signal to the FGF pathway. Furthermore, even if segmentation genes are expressed during somitogenesis \[[@pone.0136587.ref012]\] there is up to now no evidence for a clock. If our hypothesis is true, the recruitment of RA and FGF in the control of somitogenesis was key to the evolution of vertebrate morphology. Indeed, it allowed the acquisition of an important plasticity in the formation of the posterior part of the embryo \[[@pone.0136587.ref065]\] and also probably the appearance of lateral locomotor structures like fins or limbs, since such morphological traits would probably not have been selected during evolution in animals with asymmetric somites.
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